3 ) and is at least one order of magnitude lower than those in irregular galaxies (I [C ii] /ICO 2 10 4 ) with low metallicities, in spite of the lower metallicity in I Zw 36 (12 + log[O/H] = 7.9) than in the irregulars. The observed difference in the line ratio between I Zw 36 and the irregulars can be accounted for by a higher gas density (10 3 cm −3 < ∼ nH < ∼ 10 4 cm −3 ) in I Zw 36, because the higher CO-formation rate at the higher density enables CO molecules to survive even against the photodissociation enhanced by the low dust abundance. The expected higher gas density in I Zw 36 may be related to change in large-scale gravitational potential with galactic evolution, if blue compact dwarfs and irregulars have evolutionary links.
Introduction
The [C ii] 158 µm fine-structure ( 2 P 3/2 → 2 P 1/2 ) emission is radiated from interstellar C + ions. The line ratio of the [C ii] to the 12 CO J = 1−0 transitions can be used as a probe of the interstellar ultraviolet (UV) intensity in galaxies (Stacey et al. 1991; Pierini et al. 1999) , because the interstellar UV radiation field dissociates CO molecules and ionizes C atoms near the surfaces of molecular clouds. Nevertheless, Stacey et al. (1991) found that even starburst galaxies, which have intense interstellar UV fields, cannot have [C ii]/ 12 CO J = 1-0 line intensity ratios higher than 5 10 3 (ratios when the mainbeam temperature scale is adopted for the CO intensity instead of the T The extremely high [C ii]/CO line ratios in the irregulars are accounted for by their lower metallicities; the lower dust abundance due to the lower metallicity allows CO-dissociating UV photons to penetrate deeper into the molecular clouds (Maloney & Black 1988) . Low metallicities are also suggested for the spirals with the extremely high [C ii]/CO ratios (Smith & Madden 1997) , although the metallicities have not been measured in these galaxies.
In the present paper, we report observations of a blue compact dwarf galaxy (BCDG) in the [C ii] line. In order to obtain the [C ii]/CO line ratio, we selected an object previously detected in the CO J = 1−0 emission: I Zw 36 (Mrk 209; UGCA 281). This nearby ( 4.6 Mpc; e.g., Viallefond & Thuan 1983) galaxy has a lower metallicity (12 + log[O/H] = 7.9 in interstellar oxygen abundance; Viallefond & Thuan 1983 ) than the irregulars previously observed in the [C ii] emission. The comparison of I Zw 36 with the irregulars enables us to investigate the effect of galactic morphology on the C + -CO chemical balance in the low-metallicity environments.
Observations and data reduction
We observed I Zw 36 in the [C ii] 158 µm line with the Long-Wavelength Spectrometer (LWS; Clegg et al. 1996) on board the Infrared Space Observatory (ISO; Kessler et al. 1996) . The observations are two concatenated 3-point raster scans: the Target Dedicated Time (TDT) numbers 19401278 and 19401279. Both the rasters are centered on the optical center of the galaxy, listed in Table 1 with other observational parameters. The other 4 observed positions have offsets of ±3 in the northsouth (TDT 19401278) and east-west (TDT 19401279) directions, relative to the center position. These offposition observations enable us to evaluate any possible contamination by the foreground Galactic emission. We adopted the Astronomical Observation Template (AOT) LWS02 mode: line observations with a medium-resolution (∆λ = 0.6 µm) grating spectroscopy. The observations at the galaxy position consisted of 40 grating scans, with 16 seconds of total integration time for each grating position. Twenty grating scans (8 s of total integration) were carried out at each of the off-positions. The grating positions were spaced at 1/4 of the spectral resolution for both the on-and off-position observations. The beam size of the LWS derived from observations of Mars was 68 in F W HM at the wavelength of the [C ii] line (Gry et al. 2000) .
We subtracted the detector dark currents from the Standard Processed Data (SPD) of the Off-Line Processing (OLP) version 7 products, using the LWS Interactive Analysis 1 (LIA) version 7.3. The ISO Spectral Analysis Package 2 (ISAP) version 1.6a was used for the data reduction afterwards. The data affected by cosmicray hits were manually removed, when they had not been discarded automatically in the SPD. The individual spectra were averaged at each of the observed positions, and (Nakagawa et al. 1998; Dame et al. 1987 ) is applied to CO observations (Young et al. 1995) of I Zw 36. The heliocentric radial velocity of the CO emission is v hel = 288 km s −1 at the line center. The width of the expected line profile is determined predominantly by the instrumental resolution then the spectra at the 4 off-positions were averaged resulting in a single off-source spectrum. No difference was seen among the spectra at the off-positions. Finally, we derived the foreground-subtracted spectrum by subtracting the off-source spectrum from the on-source spectrum. We tried to fit the on-source, off-source, and foregroundsubtracted spectra with single-Gaussian line profiles and linear baselines. The widths of the Gaussian profiles were assumed to be equal to the instrumental resolution because the 12 CO J = 1-0 line width of the galaxy was small (∆v CO = 32 km s −1 ; Young et al. 1995) relative to the resolution.
For faint sources, the uncertainty in the LWS flux calibration predominantly results from difficulties in the subtraction of the detector dark currents. These difficulties prevented us from deriving a correct continuum flux density from the LWS02 spectra of I Zw 36. However, line flux is less affected by this problem, especially for brighter emission such as the [C ii], which generally have a flux density comparable to that of the continuum on a galactic scale at this wavelength and spectral resolution (Crawford et al. 1985) . Thus, for the [C ii] line, we adopt the nominal LWS calibration uncertainty of the OLP version 7 products for faint sources, 50%.
Results
The [C ii] emission was not detected in any of the onsource, off-source, or foreground-subtracted spectrum. Figure 1 shows the foreground-subtracted spectrum; Table 1 ). The horizontal bars indicate the observation uncertainties for I Zw 36 and NGC 1569. For the inner Galaxy, the LMC, and IC 10, the horizontal and vertical bars represent the spatial variations within the galaxies (1σ except the horizontal bar for our Galaxy; see text). The dashed line indicates the upper limit for starburst and normal spirals (Stacey et al. 1991) ; the main-beam temperature scale is adopted for the CO line in this figure instead of the T * R scale a linear baseline was also subtracted. An upper limit of
−21 W cm −2 (statistical uncertainty of a 3σ level) was derived for the [C ii] line flux from this spectrum. Including the LWS calibration uncertainty (Sect. 2), we obtain the final upper limit
as listed in Table 1 . The 12 CO J = 1−0 line emission from I Zw 36 was detected in the Five College Radio Astronomy Observatory (FCRAO) Extragalactic CO Survey (Young et al. 1995) . The integrated main-beam intensity of the emission is T MB dv = 0.82 ± 0.18 K km s −1 with the uncertainty of a 1σ level (including the calibration uncertainty) at a beam size of 45 (HP BW ). This yields a CO J = 1-0 flux of F CO = (6.9 ± 1.5) 10 −24 W cm −2 in the beam slightly smaller than that of the LWS, under the assumption of a Gaussian profile for the CO beam. Thus, the upper limit (3σ) for the [C ii]/CO line flux ratio is
3 . This limit for the flux ratio can also be regarded as an upper limit for the [C ii]/CO intensity ratio (I [C ii] /I CO ) in the CO beam, whose size is close to the optical diameter (0. 92; de Vaucouleurs et al. 1991) of the galaxy. Thus, I [C ii] /I CO in I Zw 36 is not higher than those observed in the inner Galactic plane, Nakagawa et al. 1998; Dame et al. 1987 , corrected as described in Bronfman et al. 1988) . Figure 2 shows the [C ii]/ 12 CO J = 1−0 line intensity ratio observed in galaxies as a function of oxygen abundance, 12 + log[O/H], derived from optical-UV emission line observations of H ii regions in the galaxies. The [C ii] and CO data are, respectively, from Nakagawa et al. (1998) and Dame et al. (1987) for the Galaxy; Mochizuki et al. (1994) and Cohen et al. (1988) for the Large Magellanic Cloud (LMC); Madden et al. (1997) and Becker (1990) for IC 10. The CO intensity scale of Dame et al. (1987) was corrected as described in Bronfman et al. (1988) . The [C ii]/CO line ratios for NGC 4449 and NGC 1569 are from Lord et al. (1995) . The references for the oxygen abundance are as follows: the inner Galaxy, Deharveng et al. (2000) ; the LMC, Russell & Dopita (1990) ; NGC 4449 and IC 10, Hidalgo-Gámez & Olofsson (1998) based on observations of McCall et al. (1985) and Lequeux et al. (1979) ; NGC 1569, Kobulnicky & Skillman (1997) ; I Zw 36, Viallefond & Thuan (1983) . The radial variation of metallicity in our Galaxy is taken into account; the lower and upper limits in the figure correspond to the abundances at the Galactocentric distance of the Sun and the extrapolation of the relation between the abundance and the Galactocentric distance to the Galactic center, respectively. Irregular galaxies with low metallicities have [C ii]/CO line ratios higher than those in the inner Galaxy and also than the starburst limit obtained by Stacey et al. (1991) . These extremely high ratios have been accounted for by the enhanced photodissociation of interstellar CO molecules because of the low dust abundances due to the low metallicities (Maloney & Black 1988) . However, the BCDG I Zw 36 does not show a [C ii]/CO line ratio higher than those in normal spirals in spite of its low metallicity.
Discussion

Conditions for extremely high [C II]/CO line ratios
The chemical balance between C + ion and CO molecule depends on dust abundance (Maloney & Black 1988) , because interstellar CO molecules are protected from photodissociation mainly by the dust extinction of the incident UV radiation (Wolfire et al. 1989) . Accordingly, the high [C ii]/CO J = 1-0 intensity ratios observed in irregular galaxies have been attributed to the low dust abundances due to the low metallicities in the galaxies (e.g., Mochizuki et al. 1994) . For brief discussions on the C + -CO chemical balance, we consider a molecular cloud with a metallicity X relative to the solar neighborhood value. The dust abundance is assumed to be proportional to the metallicity. Chemical reaction rates in this cloud can be written as a function of hydrogen column density (N H ) measured from the cloud surface into the cloud. The total hydrogen (mostly in H atom and H 2 molecule) number density, n H , is assumed to be uniform in the cloud.
The conversion of CO → C + is initiated mostly by the dissociation of CO molecule due to UV photons incident on the cloud (e.g., van Dishoeck & Black 1988) . Since the photodissociation is followed quite quickly by the photoionization of C → C + , the CO → C + conversion rate, r CO (N H ), in the cloud can be written as
where G 0 is the incident UV flux relative to the solar neighborhood value, α 0 CO is the CO photodissociation rate under the interstellar radiation field at the solar neighborhood, n CO (N H ) is the number density of CO as a function of N H , and N UV H is the hydrogen column density characteristic to the attenuation of the UV radiation effective to the CO dissociation at X = 1.
On the other hand, the conversion of C + → CO consists of two-body reactions in the gas phase. Thus, the C + → CO conversion rate, r C + , can be approximately written as
where k C + is the total rate coefficient of the C + → CO reactions and n C + (N H ) is the number density of C + in the cloud. We assume k C + is constant for the present discussion, although it is actually a function of chemical composition as well as of gas temperature. Its dependence on X through the chemical composition is relatively weak because the C + → CO conversion rate is often determined by reactions between carbon-bearing species and hydrogen species such as between hydrocarbon anions and hydrogen molecules.
When a steady state r CO (N H ) = r C + (N H ) is assumed, the condition n CO (N H ) = n C + (N H ) yields a certain value of N H , which we define as the transition column density (N 
(e.g., Mochizuki et al. 1994 Hollenbach et al. (1991) . Because of the ln[(α ( 1 10 22 cm −2 from the surface to the center). This makes the upper limit for the [C ii]/CO J = 1-0 line ratios in normal and starburst galaxies (Stacey et al. 1991 
10
22 cm −2 , most of the CO molecules in the clouds are dissociated even at G 0 10 and n H 10 3 cm −3 in the low-metallicity galaxies. This G 0 is close to the average (G 0 5) estimated for the clouds emitting the Galactic [C ii] emission (Mochizuki & Nakagawa 2000) . Hence, a typical G 0 and n H of galactic molecular clouds can produce the extremely high [C ii]/CO line ratios observed in the irregulars, beyond the upper limit for more luminous starbursts.
However, the ln[(α
In the former case, a small G 0 /n H can compensate a small X; G 0 /n H < ∼ 10 −3 cm 3 (e.g., G 0 = 10 and n H > ∼ 10 4 cm −3 ) provides N transit H < 10 22 cm −2 even at X = 1/4. As a result, a low-metallicity galaxy can show a normal [C ii]/CO line ratio at a small G 0 /n H while a more luminous spiral galaxy cannot show a much higher ratio than the starburst limit even at a large G 0 /n H , under the assumption of N cloud H 2 10 22 cm −2 .
Comparison with photon-dominated region models
For more quantitative investigation, we compare the observed [C ii]/CO J = 1-0 line ratio with the photon-dominated region (PDR) models by Mochizuki & Nakagawa (2000) . In their models, the luminosities of emission lines emergent from the model cloud are derived from a given set of the incident UV flux G 0 (Sect. 4.1), the mean number density of total hydrogen in the cloud n H , and the cloud mass M . We assume a uniform hydrogen density in the cloud for simple discussion of the density dependence of the line ratio, and thus use the hydrogen density n H instead of n H . In addition, the mean hydrogen column density N H is used as in Mochizuki (2000) Mathis et al. (1983) . Since a is close to the [C ii] and CO beam sizes, we adopt G 0 10 as an average for I Zw 36 on the scale seen in the [C ii]/CO line ratio. Figure 3 shows the calculated [C ii]/CO J = 1-0 line ratios at G 0 = 10 plotted as a function of n H , along with the observed ratios. The metallicity and the dust abundance in the low-metallicity models are X = 1/4, while X = 1 in the original models (Mochizuki & Nakagawa 2000) for our Galaxy. The former metallicity corresponds to 12+log[O/H] = 8.1, typical in the low-metallicity galaxies observed in the [C ii] line. The Galactic-abundance models of X = 1 with the same G 0 are also plotted for comparison. We adopted N H = 2 10 22 cm −2 for both the X = 1/4 and X = 1 models, on the basis of the rough estimate (Sect. 4.1) that accounts for the much higher [C ii]/CO J = 1-0 line ratios in irregulars than in starbursts (see also below).
At X = 1 and n H 10 3 cm −3 , which represent Galactic molecular clouds, the calculated line ratio is [C ii]/CO J = 1-0 1 10 3 , close to those observed in the inner Galactic plane. On the other hand, at X = 1/4, the model with the same n H has an extremely high ratio of [C ii]/CO J = 1-0 > 10 4 as observed in irregular galaxies. This indicates that the difference in X can account for the observed difference in the [C ii]/CO ratio between our Galaxy and the irregulars. With increasing n H , the calculated line ratio decreases as expected from Eq. (3). The ratio becomes consistent with the upper limit observed in I Zw 36 at n H > 10 4 cm −3 . These calculations indicate that a higher gas density in I Zw 36 is required to reproduce the observed difference in the [C ii]/CO ratio between I Zw 36 and the irregular galaxies.
The UV flux of G 0 10 adopted above was estimated on the basis of the extinction derived from the H i 21 cm line intensity, H i flux divided by a 2 (Donas et al. 1987) . This method can underestimate the extinction by up to 1 mag (Donas et al. 1987 ) because of oversimplified assumptions on the distribution of H i gas (Donas & Deharveng 1984) . By comparison the extinction based on a line ratio toward the dominant H ii region (for a smaller aperture of 10 ×20 ) in I Zw 36 is 1.4 mag at λ = 1909Å (Viallefond & Thuan 1983) . Accordingly, we calculated ratios also for G 0 = 10 1.5 as well as G 0 = 10 0.5 (Fig. 4) . At G 0 > 10, the line ratio in the figure is too high compared to the I Zw 36 observations. Thus, G 0 cannot be so large on the galactic scale unless N H is substantially larger than 2 10 22 cm −2 . On the other hand, at G 0 6 (no extinction at λ = 2000Å), Fig. 4 shows that a high gas density of n H > ∼ 10 4 cm −3 is still required. As a result, the observed low line ratio in I Zw 36 indicates a high gas density of n H > ∼ 10 4 cm −3 .
For the above discussions, we assumed N cloud H ∼ 10 22 cm −2 in every galaxy, on the basis of the difference in the line ratios between irregulars and starbursts (Sect. 4.1). However, this assumption is difficult to confirm observationally. When a constant cloud mass is assumed, instead of the constant N cloud H above, N cloud H would increase with n H (e.g., Mochizuki 2000) . In addition, Pak et al. (1998) 
Interstellar medium in I Zw 36
The [C ii]/CO J = 1−0 line ratio varies from place to place in a galaxy. For the low ratio of I Zw 36 on the galactic scale, a large fraction of neutral interstellar gas should have a high density. However, the presently available observations do not allow us to investigate density distribution of molecular gas within I Zw 36. Instead we discuss distributions of the starburst (young) stellar population by considering that a starburst results from a high density of molecular gas. Papaderos et al. (1996a) decomposed the optical spatial profiles of BCDGs into starburst and underlying stellar components, and then derived the area ratios of the starburst components to the underlying components. They found that the area ratio increases with decreasing galactic luminosity (Papaderos et al. 1996b) , which is generally correlated with metallicity. A fraction as large as about a half of the optical area is occupied by the starburst component in I Zw 36, which lies close to the lowluminosity end in their sample. Hence, I Zw 36 is likely to have physical conditions producing high-density gas in a larger fraction of its optical area than more luminous BCDGs and irregulars are. This supports a higher average gas density within the optical area in the galaxy.
The present [C ii]/CO observations place a limit only for the gas density in the CO beam (Sect. 3), which has a similar size to the optical area of the galaxy. Thus, the proposed high density does not conflict with the presence of a diffuse H i halo (Viallefond & Thuan 1983) extended to a diameter of 150 , where the gas density is possibly lower.
Since irregular galaxies have extremely high [C ii]/CO line ratios generally (Fig. 2) , lower [C ii]/CO line ratios as well as expected higher gas densities may be distinctive characteristics of a certain class of BCDGs among lowmetallicity galaxies: galactic morphology may be one of the crucial factors. This implies that the gravitational potential may change on a large scale with galactic evolution, if BCDGs and irregular galaxies have evolutionary links (e.g., Davies & Phillipps 1988) . Such a change is more likely to occur in a dwarf galaxy than in a more massive one, because a dwarf galaxy has a large mass fraction of ISM (Huchtmeier & Richter 1988) . For investigation of difference in the ISM properties between BCDGs and irregulars, more samples of BCDGs with variation in metallicity (luminosity) would be helpful.
Conclusions
We observed the BCDG I Zw 36 (12 + log[O/H] = 7.9) in the [C ii] 158 µm fine-structure line with the ISO/LWS. The conclusions are summarized as follows. 
